This paper deals with the climatology of aerosols in West Africa based on satellite and in situ measurements between 2001 and 2016 and covers four sites in the Sahelian zone. There are indeed Banizoumbou (13.541˚N, 02.665˚E), Cinzana (13.278˚N, 05.934˚W), Dakar (14.394˚N, 16 .959˚W) and Ouagadougou (12.20˚N, 1.40˚W) located respectively in Niger, Mali, Senegal and Burkina Faso. Thus, an intercomparison between the satellite observations and the in situ measurements shows a good correlation between MODIS and AERONET with a correlation coefficient R = 0.86 at Cinzana, R = 0.85 at Banizounbou, R = 0.84 at Ouagadougou and a low correlation coefficient R = 0.66 calculated on the Dakar site. Like MODIS, SeaWiFS shows a very good correspondence with measurements of the ground photometer especially for Banizoumbou (R = 0.89), Cinzana (R = 0.88) and Dakar (R = 0.75) followed by a low correlation coefficient calculated on the Ouagadougou site (R = 0.64). The performance of these airborne sensors is also corroborated by the calculation of root mean square error (RMSE) and the mean absolute error (MAE). Following this validation, a climatological analysis based on aerosol optical depth (AOD) shows the seasonality of aerosols in West Africa strongly influenced by the climate dynamics illustrated by the MERRA model reanalysis. This seasonal spatial distribution of aerosols justifies the temporal variability of the particles observed at the different sites in the Sahel. In addition, a combined analysis of AOD and Angstrom coefficient indicates the aerosol period How to cite this paper: Bado, N., Ouédraogo, A., Guengané, H., Ky, T.
Introduction
The term "aerosol" was invented to describe all solid or liquid particles suspended in the atmosphere with the exception of water droplets and ice crystals constituting the clouds [1] . These particles are of natural origin strongly dominated by primary particles such as desert dust, sea salts that are emitted directly into the atmosphere and of anthropogenic origin related to the action of man through industrial emissions, bushfires and agricultural practices [2] . On the African continent, West Africa is one of the main areas of high potential in terms of dust sources and combustion in the world [1] [3] . Following this, dust clouds contained in the Saharan air layer spread evenly throughout the continent and to the ocean, especially during the winter period [4] [5] . These desert dusts have a strong influence on the radiation balance, the climate and also affect the hydraulic cycle [6] [7] [8] . In addition, an analysis of the in situ measurements of the AERONET network carried out by Dramé et al. [9] allows to locateaerosol maxima in West Africa in spring (March-April-May) and in summer (June-July-August) whose emission sources are located in the Sahara [7] . At these times of the year, large Aerosol Optical Depth (AOD) values associated with a frequency of dust events are measured at several stations of the AERONET network in the Sahel [1] [9] . To this end, a dust event initiated on July 03, 2010 from the Sahara desert in southern Algeria following a strong thermal depression, and caused an increase in AOD with daily average values ranging from 3.5 to 4 measured on the station of Dakar in Senegal on July 07, 2010 [5] . In addition, a study conducted by Senghor et al. [10] showed a strong seasonal variability of the dust layer in the West African zone. This makes it possible to locate the aerosols around 3 km of altitude in spring and between 3 and 5 km during summer. However, in winter the dust is more observed at the surface below 2 km [5] [10] , which is at the origin of the numerous cases of diseases linked to the respiratory system and the meningitis epidemics observed during the harmattan which is a warm and dry north-easterly wind predominant during the autumn (September-October-November), winter (December-January-February) and spring in the Sahel [11] [12] [13] [14] . This distribution of particles is also in agreement with their radiative impact noted on the surface, in the atmosphere and at the top of the atmosphere [15] . In the Sahel, atmospheric particles are strongly dominated by desert dusts characterized by their scattering and absorption properties of solar radiation. This characterizes their impact in the climate system thus causing the warming Open Journal of Air Pollution or cooling of the atmosphere. Indeed, aerosols have a dual role on the climate and the environment because of their optical and microphysical properties that vary according to the emission sources, the chemical nature and the mode of formation. This justifies the complexity of their study, making them particles that are still very poorly understood. To better understand the role of these particles in the climate system, several international efforts have been devoted to their study and the understanding of their interactions with other components of the global climate system. These studies, which include measurement campaigns and monitoring networks, make it possible to characterize the physicochemical properties of these particles and to evaluate their impact on the climate. Despite all these studies, the climatic role of aerosols is still known with large uncertainties [16] . It is in this context that this work and our interest in atmospheric aerosols, whose objective is to contribute to an aerosol optical characterization in West Africa, based on satellite observations and in situ measurements of the AERONET network and also from the MERRA model reanalysis. This allows us to make an intra-seasonal and interannual climatology of aerosols in the sub-region through their optical properties and to show their variability in time and space between 2001 and 2016.
Materials and Data

AERONET Network (Aerosol Robotic NETwork)
For a better characterization of particles on the planet, a network of CIMEL photometers is developed all over the globe: the global AERONET network initially established by NASA (National Aeronautics and Space Administration) in collaboration with the Laboratory of Atmospheric Optics (LOA) of the National Center for Scientific Research (CNRS). This network enables archiving and getting public access to data on the optical, microphysical and radiative properties of aerosols in an almost real-time, continuously and for the long-term [17] . These are inversion results of various algorithms elaborated and improved over time by Dubovik et al. [18] [19] [20] [21] . AERONET aims at characterizing aerosol properties by constituting a permanently available database for aerosol climatology and the validation of satellite observations [22] . In addition, AERONET consists of partner networks such as PHOTONS (Operational Processing Photometry for Satellite Normalization) which deals with all photometers installed on the African and European continents.
MODIS (MODerate Resolution Imaging Spectro-Radiometer)
MODIS is a sensor transported by the TERRA satellites since December 1999 and Aqua in April 2002. TERRA sweeps the earth surface from the North to the South around the equator in the morning around 10:30 am while Aqua occurs in the evening, around 10:30 am in an orbit oriented South-North of the equator [23] . MODIS has 36 spectral bands that enable it to provide measurements on the atmosphere, the earth and the ocean, 7 of which are used to study aerosols Open Journal of Air Pollution (466, 553, 644, 855, 1243, 1632 and 2119 nm). In addition, it uses different algorithms to invert aerosol properties on earth [24] and on seas [25] where measurements are made with a spatial resolution ranging from 1 to 250 km and temporal from 1 to 2 days. For our study, we use MODIS-Terra Deep-Blue inversions at 550 nm and available on NASA's Giovanni site 
SeaWiFS (Sea-Viewing Wide Field-of-View Sensor)
SeaWiFS is a sensor of the NASA observation system developed to study ocean color [10] . However, it makes measurements on the optical properties of aerosols, in particular the optical thickness and the Angström coefficient. In orbit since September 1997, SeaWiFS continues to perform measurements with very good sensor performance in different wavelengths (412, 443, 490, 510, 555, 670 and 865 nm) where the Angström coefficient is calculated in the spectral range 510 to 865 nm. In addition, aerosol products supplied by SeaWiFS are mainly applicable and valid for oceanic regions [28] [29] and are available on NASA's website (https://giovanni.gsfc.nasa.gov/giovanni/). But, according to Senghor et al. [10] SeaWiFS can be adapted and applied to the study of aerosols in some areas of the Sahel because of its very good correlation. Moreover, SeaWiFS has a threshold reflectivity at 865 nm corresponding to 0.3 in AOD above which aerosol inversions are limited [28] .
Modern-Era Retrospective Analysis for Research and Applications (MERRA)
In this work, we use wind data at 10 m altitude derived from MERRA model reanalysis. Indeed, these reanalysis are based on satellite observations from NASA and are available from 1979 to the present days. The model was initiated by NASA and is especially suitable for climatic analysis whose data are available continuously and then in the long-term on NASA's Giovanni site.
Data Validation Methodology
We are carrying out a validation of the MODIS sensor measurements on board of the TERRA satellite and those of the SeaWiFS satellite with the AERONET inversions at a wavelength of 550 nm. This makes it possible to determine the satellite model that best corresponds to the study and the adequate monitoring of atmospheric particles in the sub-region, particularly the Sahel. For this, the measurement period concerned by this validation depends on the availability of AERONET and airborne sensors data. In addition, an interpolation is made in the spectral range of 440 nm and 870 nm to calculate AOD AERONET at 550 nm Open Journal of Air Pollution based on photometric measurements at 675 nm according to Equation (1) [30] [31] [32] [33] .
In this equation, a and b denote wavelengths, α the Angström coefficient calculated between 440 nm and 870 nm, AOD a and AOD b aerosols optical depth respectively at wavelengths a and b. The Aerosol Optical Depth (AOD) which depends on the wavelength λ and the attenuation coefficient
Moreover, an analysis of the linear regression is made on the basis of the relation 3 where m is the slope and C the intercept [34] . This makes it possible to correlate observations with ground measurements. Furthermore, parameters m and C give information on the local and spatial characteristics of aerosols, namely the correspondence between the aerosol model considered in the inversion algorithm and the aerosol layer probed [35] .
We also calculate the mean square error (RMSE) and the mean absolute error (MAE) given by Equation (4) and Equation (5) ( )
These calculations show the relative errors in the satellite data that can justify measurement differences between satellite and AERONET. Moreover, RMSE and MAE are as close to zero as the two series of measurements are similar.
Presentation and Geographical Location of the Study Sites
This study focuses on four sites in the latitude band between 12˚N and 16˚N. The choice of these sites is mainly based on the availability of AERONET measurements and our interest in the study of atmospheric aerosols in the Sahel and West Africa which is one of the main areas of high potential in terms of dust sources and combustion in the world [1] [2] . Each site is located in the West African zone then identified by its geographical coordinates indicated in blue dot in Figure 1 and responsible for cloud convection. This airflow (monsoon) is more predominant in the summer period between June and August in West Africa.
Results and Discussion
Validation of Satellite Inversion Codes by Measurements in Situ
The (C) recorded at 0.17 (Figure 3(d) ), which is a sign of important errors that could affect the observations justifying the weak correlation.
Validation of Observations by Calculating RMSE and MAE
The RMSE and MAE values calculated for the different sensors are relatively low especially with the MODIS sensor where these errors vary between 0.12 to 0.18 and 0.09 to 0.14 respectively (Table 1) 
Spatial Variability of Aerosols in West Africa
In order to be able to locate the aerosols in time and space in West Africa, an in- the life cycle of atmospheric particles [37] . An analysis of Figure 4 shows the aerosol maxima in spring (MAM), period of dust in West African region [16] [38] and also in autumn during the period of September to November (SON). In spring (Figure 4(b) ), aerosol maxima are observed on the eastern side of Niger probably due to the depression of Bodélé in Chad related to the thermal depression because of the strong sunshine during this period especially in the north. Then, the particles are distributed throughout the West African zone in accordance with the harmattan flow regime, in particular in its part below 20˚N. This same period (MAM) is characterized by minima in wind speed ( Figure 6 ) but is rather marked by a strong sunshine especially in the Sahel and the Sahara. This solar downward radiation is causing an increase of the temperature at the surface and in the lower layers. For this reason, the pressure gradient induced by the digging of the thermal depression is very important, justifying the wind maxima in the east of Niger and the north-west of Mali ( Figure 5(b) ). This phenomenon is responsible for intense emissions of desert dust at the level of dust sources in the north and remarkable atmospheric circulation in March-April-May (MAM). On the other hand, in summer (JJA) and in agreement with Malavelle et al. [39] , Drame et al. [9] , the particles are more present in the Sahara in the north of the east side of Niger, the south of Algeria and northwestern Mali, particularly in the areas where desert dust is present (Figure 4(c) ). In summer (JJA), the harmattan is weak in West Africa and the area is strongly influenced by southwesterly winds. However, the maxima of harmattan are rather observed towards the south of Algeria and towards Libya around 25˚N (Figure 5(c) ) being able to cause the distant transport of the desert dust in the layer of Saharan air. Note also that the wind maxima in summer ( Figure 6) can be related to the monsoon flow which is preponderant and very strong during this period because of the displacement of the inter-tropical front around 20˚N especially in July-August [40] . In this same period, the importance of the convective systems associated with the presence of the Inter-tropical Convergence Zone (ITCZ) north of the equator in the Sahel, could justify the strong dust impulses in June-July-August (JJA). Moreover, the effect of dust in the summer period is less felt in the lower layer due to atmospheric leaching by rainfall and soil moisture, but these mineral particles are much higher in the upper troposphere [10] [41] .
Autumn (SON) is characterized by large particle emissions in the Sahara towards eastern Niger due to the activation of Bodélé in Chad with sources from northwestern of Mali and eastern of Mauritania (Figure 4(d) ). Moreover, the autumn is marked by the transition between the harmattan and the monsoon followed by a migration of the ITCZ towards the south. This displacement is often accompanied by very violent convective systems which cause emissions of mineral dust during this period [34] [41] [42] . The importance of these systems is clearly visible by the wind maxima on the eastern side of Niger ( Figure 5(d) ). Furthermore, from the autumn period, solar insolation starts to decrease in the north and this is causing a lack of energy needed to maintain the monsoon causing its weakening [43] . As a result, the ITCZ and the associated atmospheric circulation are progressively withdrawing, justifying at the same time the minima of the autumn wind speeds observed in Figure 6 . During winter (DJF), particles maxima are mostly observed on the southern side, probably due to combustion particles (Figure 4(a) ) because of the strong activation of biomass combustion sources at this time in the Gulf of Guinea. These particles from combustion are then transported by southwest winds of Guinea area to the rest of the West African region and then mixed with desert dust [44] [45] . These mineral aerosols are related to the northeasterly harmattan flow whose maxima are observed between 10˚N and 25˚N ( Figure 5(a) ). The importance of the northeastern trade winds in winter is also visible in Figure 6 which represents the interannual temporal evolution of the wind speed in the longitudinal zone from 20˚W to 22˚E and from latitude between 3˚N and 30˚N. Also, the January-February-March (JFM) is defined as the lowest layer period of dust on the African continent where the northerly winds and northeast (harmattan) earn much more in speed quickly [46] . This is at the origin of a significant transport of dust from the Sahara to West Africa contributing to the strong values of the aerosol optical depth. As a result, JFM is the period of low-level dust, during which populations are more exposed to significant health risks, such as the major epidemics of bacterial meningitis [47] . In order to better understand the seasonality of the aerosol size class, a coupled analysis between the aerosol optical depth (AOD)and the Angström coefficient at (440 -870) nm is made and concerns the four sites (Figure 8) . This representation shows a dominance of large size particles associated with desert dust [9] which in agreement with Mcconnell et al. [49] associates at this same period single scattering albedo (SSA) values higher than 0.9 [1] . This shows the scattering character of particle in the Sahel thus confirming their nature and primary origin (mineral dust) with a small contribution of more absorbing combustion particles. However, the values of the Angström coefficient observed between the months of July, August and September are probably due to the fine desert particles from long-range transport at medium and high troposphere as well as local combustion particles [41] . Moreover, during autumn and winter, sources of combustion are active in the Gulf of Guinea with a high intensity in winter. This generates combustion particles that are then transported by winds from the southwest to the rest of the continent. Following this, the maxima of the Angström coefficient observed in winter, particularly at the Banizoumbou, Cinzana, Dakar and Ouagadougou sites, show the state of mixing of the aerosol layer at this time in the Sahel. This layer of aerosols is in fact made up of fine desert particles linked to northeasterly winds and combustion in agreement with the intense activation of bush fires in the Gulf of Guinea [50] .
Temporal Variability of Aerosols on Different Sites in the Sahel
Conclusion
This work is an optical and microphysical characterization of aerosols in the West African zone on the basis of measurements of MODIS, SeaWiFS sensors and in situ measurements of the AERONET network, then reanalysis of the MERRA model between 2001 and 2016. This is of paramount importance for a better understanding of the exact role of aerosols in the climate system. For this purpose, a validation of the satellite measurements shows a very good representation of the MODIS sensor with relatively high correlation coefficients R on the sites of Banizoumbou, Cinzana and Dakar. However, SeaWiFS is less representative on the Ouagadougou site while MODIS shows a poor correlation on the Dakar site. Also, the combined analysis of satellite observations and AERONET data makes it possible to locate the aerosol period in the Sahel in spring and summer in agreement with aerosol climatology in the sub-region justified by the atmospheric dynamics. However, these particles are strongly influenced by desert dust whose main sources are located in the north of the continent.
